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We investigated the activity of linezolid, alone and in combination with rifampin (rifampicin), against a
methicillin-resistant Staphylococcus aureus (MRSA) strain in vitro and in a guinea pig model of foreign-body
infection. The MIC, minimal bactericidal concentration (MBC) in logarithmic phase, and MBC in stationary
growth phase were 2.5, >20, and >20 pg/ml, respectively, for linezolid; 0.01, 0.08, and 2.5 pg/ml, respectively,
for rifampin; and 0.16, 0.63, >20 pg/ml, respectively, for levofloxacin. In time-kill studies, bacterial regrowth
and the development of rifampin resistance were observed after 24 h with rifampin alone at 1x or 4Xx the MIC
and were prevented by the addition of linezolid. After the administration of single intraperitoneal doses of 25,
50, and 75 mg/kg of body weight, linezolid peak concentrations of 6.8, 12.7, and 18.1 pg/ml, respectively, were
achieved in sterile cage fluid at ~3 h. The linezolid concentration remained above the MIC of the test organism
for 12 h with all doses. Antimicrobial treatments of animals with cage implant infections were given twice daily
for 4 days. Linezolid alone at 25, 50, and 75 mg/kg reduced the planktonic bacteria in cage fluid during
treatment by 1.2 to 1.7 log,, CFU/ml; only linezolid at 75 mg/kg prevented bacterial regrowth 5 days after the
end of treatment. Linezolid used in combination with rifampin (12.5 mg/kg) was more effective than linezolid
used as monotherapy, reducing the planktonic bacteria by =3 log,, CFU (P < 0.05). Efficacy in the eradication
of cage-associated infection was achieved only when linezolid was combined with rifampin, with cure rates
being between 50% and 60%, whereas the levofloxacin-rifampin combination demonstrated the highest cure
rate (91%) against the strain tested. The linezolid-rifampin combination is a treatment option for implant-

associated infections caused by quinolone-resistant MRSA.

Implanted devices are increasingly used in modern medicine
to alleviate pain or improve a compromised function. Implant-
associated infections represent an emerging complication
caused by organisms which adhere to the implant surface and
grow embedded in a protective extracellular polymeric matrix,
known as a biofilm (7, 8, 41). In addition, the microorganisms
in biofilms enter a stationary growth phase and become phe-
notypically resistant to most antimicrobials, frequently causing
treatment failure. In such cases, surgical removal of the im-
plant is often required, causing high morbidity and substantial
health care costs (5, 14, 32).

Staphylococcus aureus is the most common pathogen causing
implant-associated infections (5, 7). Successful treatment of
these infections includes early surgical intervention and anti-
microbial treatment with bactericidal drugs that also act on
surface-adhering microorganisms. Rifampin (rifampicin) is
bactericidal against stationary-growth-phase staphylococci, as
demonstrated in vitro, in experimental animal models, and in
clinical studies (9, 43). However, when it is used as a single
agent, the rapid emergence of rifampin resistance occurs (37).
Therefore, the use of antimicrobial combinations to prevent
the development of rifampin resistance during treatment have
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been investigated (34, 36, 39). Rifampin in combination with
quinolones has successfully been used for the treatment of
orthopedic implant-related infections (9, 25, 35). However, the
increasing prevalence of quinolone-resistant staphylococci has
urged investigations for alternative drugs for use in combina-
tion with rifampin treatment (4, 30). In particular, methicillin-
resistant staphylococci represent an increasing challenge due to
their resistance to a broad variety of antimicrobials (23, 33).

The oxazolidinone linezolid is active against gram-positive
coccl, including methicillin-resistant Staphylococcus aureus
(MRSA) (11, 20, 24, 28). Limited data on the use of the
linezolid-rifampin combination for the treatment of implant-
associated MRSA infections are available. In vitro time-kill
experiments showed a potential additive effect between lin-
ezolid and rifampin against MRSA (12). However, only case
reports or small case series describing the treatment of im-
plant-associated infections with linezolid and rifampin exist (2,
16, 19, 26).

In the study described here, we investigated the activity of
linezolid, alone and in combination with rifampin, against one
reference MRSA strain in vitro and in an established foreign-
body infection model. The cage-associated infection model in
guinea pigs has been validated for testing the activities of
antimicrobial agents and their combinations against implant-
associated infections in preclinical studies (38, 42).

(Part of the results of this study were presented at the 47th
Interscience Conference of Antimicrobial Agents and Chemo-
therapy, Chicago, IL, 17 to 20 September 2007 [D. Baldoni,
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Z. Rajacic, R. Landmann, W. Zimmerli, and A. Trampuz,
abstr. B-811]).

MATERIALS AND METHODS

Study organism. MRSA strain ATCC 43300, which is susceptible to levofloxa-
cin and rifampin, was used for in vitro and in vivo antimicrobial testing. Methi-
cillin-susceptible S. aureus strain ATCC 29213 was used as the indicator organ-
ism for the agar diffusion bioassay. The strains were stored at —70°C by use of a
cryovial bead preservation system (Microbank; Pro-Lab Diagnostics, Richmond
Hill, Ontario, Canada). One cryovial bead was cultured overnight on Columbia
sheep blood agar plates (Becton Dickinson, Heidelberg, Germany). Inocula were
prepared from subcultures of two to three colonies, which were resuspended in
5 ml of Trypticase soy broth (TSB) and incubated overnight at 37°C without
shaking.

Antimicrobial agents. Linezolid was provided as a purified powder by the
manufacturer (Pfizer AG, Zurich, Switzerland); stock solutions of 2.5 mg/ml
were prepared in sterile pyrogen-free water. Levofloxacin hemihydrate injectable
solution (5 mg/ml; Aventis Pharma AG, Zurich, Switzerland) and rifampin (San-
doz AG, Steinhausen, Switzerland) were purchased from the respective manu-
facturers.

In vitro antimicrobial susceptibility. The in vitro susceptibility of the MRSA
strain to linezolid, levofloxacin, and rifampin was determined in triplicate by
using a standard inoculum of 1 X 10° to 5 X 10° CFU/ml, adjusted from
overnight cultures. The MIC was determined in Mueller-Hinton broth (MHB) by
the macrodilution method, according to the guidelines of the Clinical and Lab-
oratory Standards Institute (formerly the National Committee for Clinical Lab-
oratory Standards) (6). In brief, 10 twofold serial dilutions of the test drug were
prepared in 2 ml MHB in sterile borosilicate glass tubes. Two milliliters of the
antimicrobial dilutions was inoculated below the meniscus, and the tubes were
incubated for 18 h at 37°C without shaking. The MIC was the lowest drug
concentration that inhibited visible bacterial growth. Tubes without visible
growth were then vigorously vortexed, incubated for 4 h at 37°C without shaking,
and assessed for viable bacteria by plating the contents of the tubes on agar. The
lowest antimicrobial concentration which killed =99.9% of the initial bacterial
count (i.e., =3 log,, CFU/ml) was defined as the minimum bactericidal concen-
tration (MBC) during logarithmic growth (MBC,,), as described in the Manual
of Clinical Microbiology (18). The killing of bacteria during stationary growth
phase (MBC,,,) was assayed in nutrient-restricted medium (0.01 M phosphate-
buffered saline, pH 7.4), as described previously (39). In this medium, bacterial
counts remained within =15% of the initial inoculum in the antimicrobial-free
culture for >36 h.

In vitro time-kill studies. The antimicrobial activities of linezolid and rifampin,
alone and in combination, against the MRSA strain were evaluated by time-kill
studies with inocula of 1 X 10° to 5 X 10° CFU/ml, as described previously (15).
Antibiotic solutions with 1X and 4X the MIC of the test strain were prepared in
10 ml of MHB. Growth in the absence of antibiotics served as the control. Colony
counts were determined after 0, 6, and 24 h of incubation at 37°C by plating
aliquots of appropriate dilutions on Mueller-Hinton agar (MHA). The =10-fold
dilutions allowed accurate colony counts in the range of 10 to 250 CFU per plate
and minimized the effects of drug carryover. The quantification limit was set
equal to 200 CFU/ml (>10 CFU in 50 pl of a 10-fold dilution). Killing over time
was expressed as the mean reduction in the log;, CFU/ml = the standard
deviation (SD). Synergism was defined as a 100-fold increase in the level of
killing at 24 h with the combination in comparison with the level of killing
achieved with the most active single drug. Antagonism was defined as a 100-fold
decrease in the level of killing at 24 h with the combination of both drugs
compared to the level of killing achieved with the most active single drug (15).
Cultures of the MRSA strain that were exposed to rifampin alone or in combi-
nation with linezolid and that showed visible growth after 24 h of incubation were
tested for rifampin resistance. The cultures were adjusted to a standardized
inoculum corresponding to a McFarland 0.5 standard, spread on MHA contain-
ing rifampin (1 pg/ml), and assessed for growth. Experiments were performed in
triplicate.

In vitro antimicrobial resistance studies. An assay was developed to evaluate
the rate of in vitro emergence of rifampin resistance. The ratio of resistant to
total colony counts was assessed after 24 h of incubation of the MRSA strain in
10 ml MHB containing rifampin alone or rifampin and linezolid at 1X the MIC.
The 24-h bacterial cultures were serially diluted 10-fold, 50-pl aliquots were
plated on MHA containing rifampin (1 pg/ml) or no antibiotic, and the colonies
were counted after 48 h of incubation at 37°C. The results were expressed as a
ratio between the rifampin-resistant log,, CFU/ml and the total log,, CFU/ml.
Experiments were performed in triplicate.
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Animal model. A foreign-body infection model in guinea pigs was used, as
described previously (3, 38, 40, 42). Guinea pigs were kept under specific-
pathogen-free conditions in the Animal House of the Department of Biomedi-
cine, University Hospital Basel, and animal experimentation guidelines accord-
ing to the regulations of Swiss veterinary law were followed. The study protocol
was approved by the Institutional Animal Care and Use Committee. In brief,
four sterile polytetrafluoroethylene (Teflon) cages (32 mm by 10 mm) perforated
with 130 regularly spaced holes of 1 mm in diameter (Angst-Pfister AG, Zurich,
Switzerland) were subcutaneously implanted in the flanks of male albino guinea
pigs (Charles River, Sulzfeld, Germany) under aseptic conditions. Animals
weighing 550 to 600 g were anesthetized with an intramuscular injection of
ketamine (20 mg/kg of body weight) and xylazine (4 mg/kg). Two weeks after
surgery and healing of the surgical wounds, the sterility of the cages was verified
by culture of the aspirated cage fluid. Contaminated cages were excluded from
further studies. Sterile cages were used for the pharmacokinetic studies. For the
treatment studies, the cages were infected by percutaneous inoculation of 200 .l
containing 2 X 10* CFU of the MRSA strain (day 0). Before inoculation,
overnight bacterial cultures were washed twice, resuspended in 5 ml of sterile
pyrogen-free normal saline, and diluted 1:1,000. The establishment of infection
was confirmed 24 h later by quantitative culture of aspirated cage fluid.

Pharmacokinetic studies. Cage fluid was aspirated from noninfected animals
over 24 h (1,2, 4, 6, 8, 10, 12, and 24 h) following intraperitoneal administration
of a single dose of linezolid at 25, 50, and 75 mg/kg. Each dose was tested in three
guinea pigs; therefore, 12 cages were used to relate the pharmacokinetic param-
eters to the antimicrobial treatment efficacy results. At each time point, 150-ul
aliquots of cage fluid were aspirated from two cages from each animal (i.e., six
replicates per time point and drug dose). The collected fluid was centrifuged
(2,100 X g for 7 min), and the supernatant was stored at —20°C until further
analysis.

Determination of drug concentrations. Linezolid concentrations in cage fluid
were determined by an agar plate diffusion bioassay with S. aureus strain ATCC
29213 as the indicator organism. Antibiotic medium 1 (Difco, BD, Le Pont de
Claix, France) was suspended in sterile pyrogen-free water, and the mixture was
boiled at 100°C in a water bath for 30 min. After the medium was boiled, it was
cooled to 50°C, inoculated with the overnight culture of the indicator organism
(300 pl/400 ml medium), and poured into large assay plates (30 by 30 cm).
Calibration curves were plotted for each of the assay plates, and the regression
fitting equation was extrapolated. The standard solutions were prepared in 31%
guinea pig serum (corresponding to the linezolid-albumin binding ratio in hu-
mans) by preparing twofold serial dilutions of the 20-mg/liter linezolid solution
(27). One hundred microliters of the cage fluid samples and duplicates of the
linezolid standard solutions were spotted into holes punched into the assay
plates, and the plates were incubated overnight. The diameter of the inhibition
zone was measured with calipers. The bioassay detection limit corresponded to
the linezolid MIC of the indicator organism (i.e., 1.25 wg/ml).

Pharmacokinetic parameters. The concentration-time data were analyzed in-
dividually for each animal by using the WinNonlin software package (Pharsight
Corp., Mountain View, CA). Mean * SD values of the peak concentration
(Cinax)s the time to reach Cp. (Thay), the trough concentration at 12 h after
dosing (Cyin), half-life (¢,,,), and the area under the concentration-time curve
from time zero to 24 h (AUC,,_,,) were calculated from three animals receiving
the same linezolid dose.

Antimicrobial treatment studies. Antimicrobial treatment was initiated 24 h
after infection (day 1). At least three animals were randomized into each of the
following treatment groups: control (saline); linezolid at 25, 50, and 75 mg/kg
(alone or in combination with rifampin at 12.5 mg/kg); and levofloxacin at 10
mg/kg in combination with rifampin at 12.5 mg/kg (22). All antibiotics were
administered intraperitoneally every 12 h over 4 days (i.e., a total of eight doses).

Efficacy of treatment against planktonic bacteria. The planktonic bacteria in
the aspirated cage fluid were enumerated before the initiation of antimicrobial
treatment (day 1), on the fourth day of treatment and before administration of
the last antimicrobial dose (day 4), and 5 days after the end of treatment (day
10). Bacterial counts were expressed as the median and interquartile range of the
log,, CFU/ml. The quantification limit of the planktonic bacteria was set at 1,000
CFU/ml (>10 CFU in 50 pl from dilutions =10-fold). Thus, negative cage fluid
cultures were assigned a value of 3 log,, CFU/ml for calculation of the log;,
CFU/ml reduction and for statistical analysis. The efficacy of the treatment
against planktonic bacteria was expressed as (i) the difference in bacterial counts
in cage fluid (Alog;, CFU/ml = log,, CFU/ml [day 4 or 10] — log,, CFU/ml [day
1]) and (ii) the rate of culture-negative cage fluid samples, i.e., the number of
cage fluid samples without the detectable growth of the MRSA strain divided by
the total number of cages in the treatment group.
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TABLE 1. In vitro susceptibility of MRSA strain ATCC 43300

Antibiotic MIC (pg/ml) MBC,,, (pg/ml) MBCy,, (pg/ml)
Linezolid 2.5 >20 >20
Rifampin 0.01 0.08 2.5
Levofloxacin 0.16 0.63 >20

Efficacy of treatment against adherent bacteria. To determine the efficacy of
the treatment against adherent bacteria, the animals were sacrificed on day 10.
The cages were removed under aseptic conditions, placed in 5 ml TSB, vortexed
for 30 s, and incubated at 37°C. After 48 h, 100-pl aliquots of the cage cultures
were plated on Columbia sheep blood agar plates (Becton Dickinson) and
assessed for bacterial growth. Cultures displaying growth were tested by the S.
aureus latex test (Staphytect Plus; Oxoid, Basel, Switzerland). Cage cultures
negative by this test were considered contaminated and were not used for the
evaluation of treatment efficacy. The efficacy of the treatment against adherent
bacteria was expressed as the cure rate, defined as the number of cage cultures
without MRSA growth divided by the total number of cages in the treatment
group.

In vivo antimicrobial resistance studies. MRSA isolates from positive cultures
on TSB containing the explanted cages (i.e., treatment failures) were screened
for the in vivo development of rifampin resistance. For this purpose, multiple
colonies of each morphologically distinct colony type were collected from an agar
subculture, suspended in saline to a standardized inoculum corresponding to the
turbidity of a McFarland 0.5 standard, and plated on MHA containing 1 pg/ml
rifampin. The plates were incubated at 37°C and screened for growth after 48 h.

Statistics. Comparisons were performed by using the Mann-Whitney U test
for continuous variables and a two-sided x? or Fisher’s exact test for categorical
variables, as appropriate. For all tests, differences were considered significant
when P values were <0.05. Figures were plotted with GraphPad Prism (version
4.0) software (GraphPad Software, La Jolla, CA).

RESULTS

In vitro antimicrobial susceptibility. Table 1 shows the in
vitro susceptibility of the MRSA strain to linezolid, rifampin,
and levofloxacin. Linezolid inhibited bacterial growth at 2.5
pg/ml, whereas a bactericidal effect was not achieved up to 20
wg/ml either in the logarithmic growth phase or in the station-
ary growth phase. Rifampin exerted a low MIC (0.01 pg/ml)
and was bactericidal in the logarithmic and the stationary
growth phases (MBC,,, and MBC,,, 0.08 and 2.5 p.g/ml, re-
spectively). Levofloxacin had a MIC of 0.16 pg/ml and exhib-
ited bactericidal activity only against bacteria in the logarith-
mic growth phase (MBC,,, 0.63 p.g/ml) and not those in the
stationary phase (MBC,,,, >20 pg/ml).

In vitro time-kill studies. In vitro time-kill studies were
performed with inocula of 1 X 10° to 5 X 10° CFU/ml to
investigate the synergism or antagonism of linezolid and ri-
fampin. In the controls, the bacterial counts increased by 1.7
log,, CFU/ml after 24 h. In the presence of linezolid at 1X the
MIC, the bacterial counts remained unchanged, while at 4X
MIC they decreased by 1.7 log,, CFU/ml at 24 h. Rifampin at
both 1X and 4X the MIC similarly decreased the bacterial
counts after 6 h (0.5 log,, CFU/ml); however, regrowth to
counts similar to those for the growth controls occurred after
24 h (Fig. 1). Bacteria exposed to rifampin alone showed re-
growth after 24 h and were resistant to rifampin. When ri-
fampin was combined with linezolid at either 1X or 4X the
MIC, the bacterial counts at 24 h were decreased by 1.6 and 1.8
log,, CFU/ml, respectively. Due to the development of ri-
fampin resistance during exposure to rifampin alone, it was not
possible to evaluate whether a potential synergistic or antago-
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FIG. 1. Time-kill curves for 1X and 4X the MIC of linezolid
(closed circles), 1X and 4X the MIC of rifampin (closed circle, dashed
line), and their combination (open circles) against MRSA. Values are
means = SDs. LZD, linezolid; RIF, rifampin.

nistic interaction between rifampin and linezolid existed, as
described above.

In vitro antimicrobial resistance. With an MRSA inocula of
1 X 10° to 5 X 10° CFU/ml, 94% = 3% of total colony counts
developed rifampin resistance 24 h after exposure to rifampin
alone at 1X the MIC. In contrast, no rifampin-resistant colo-
nies were detected after 24 h incubation with the rifampin-
linezolid combination at 1X the MIC.

Pharmacokinetic studies. Figure 2 shows the concentration-
time profile in cage fluid after the administration of a single
intraperitoneal dose in noninfected animals. The calculated
values of the pharmacokinetic parameters are summarized in
Table 2. The C,,,,s of linezolid after the administration of a
single intraperitoneal dose of 25, 50, or 75 mg/kg were 6.8,
12.6, and 18.1 pg/ml, respectively, which were achieved at ~3
h after dosing. The linezolid concentration remained above the
MIC of the test organism for 12 h (C,;,, 2.8 to 3.3 pg/ml), as
did the rifampin and levofloxacin concentrations (C,,;,s, 0.14
pg/ml and 0.27 pg/ml, respectively). The C,,, of rifampin in
the cage fluid reached almost 100X the MIC (C,,,,, 0.98 g/
ml), whereas this ratio was considerably lower for linezolid and
levofloxacin (5X and 9X the MIC, respectively).

211

Concentration (ug/ml)

Time (h)

FIG. 2. Pharmacokinetics of linezolid in cage fluid after the admin-
istration of single intraperitoneal doses of 25 mg/kg, 50 mg/kg, and 75
mg/kg. The mean values of six measurements at each time point are
shown; error bars represent SDs. The horizontal dotted line indicates
the MIC of linezolid for the MRSA test strain.
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TABLE 2. Values of pharmacokinetic parameters for the drugs tested in cage fluid after administration of a single intraperitoneal dose to
noninfected animals

Dose

AUC 54

Antibiotic (meke) Cona (g/ml)” Coin (ng/ml)* Toae (h) 11,5 (h)* (ng - oy Cona?MIC AUC,,,”MIC (h)
Linezolid 25 6.8+13 3.0+02 3.0+04 6.8 = 1.7 87.8 +2.7 2.7 35.1
Linezolid 50 12.7 £ 2.2 3.7+1.1 33+02 35*+1.7 118.7 = 23.0 5.1 475
Linezolid 75 18.1 = 1.7 25+1.0 2.8 +0.2 2.6 0.9 125.8 = 20.5 7.2 50.3
Rifampin 12.5 1.0+03 0.1 =0.1 21x03 25*+13 4.6 = 0.5 100.0 460
Levofloxacin 10 1.5+02 0.3 *+0.1 25+0.3 42+ 1.4 6.1 =0.8 9.4 38.1

“ Values are means + SDs from three animals, as predicted by use of the WinNonlin software package.
® The mean values of C,,,, and AUC,_,, in cage fluid after administration of a single intraperitoneal dose were used. Pharmacokinetic data for rifampin and

levofloxacin were described previously (22, 31).

Antimicrobial treatment studies. Cage fluid sterility was
confirmed prior to infection. At 24 h after infection, the me-
dian concentration of the bacteria enumerated in the cage fluid
was 6.5 log,, CFU/ml. In control animals receiving saline, the
bacterial counts in the cage fluid were 7.1 and 7.9 log,,
CFU/ml after 4 and 10 days, respectively, which correspond to
increases of 0.6 and 1.4 log,, CFU/ml, respectively. No spon-
taneous cure of the cage-associated infection occurred in the
untreated animals.

Efficacy of treatment against planktonic bacteria. Table 3
shows the counts of planktonic bacteria and the rates of cul-
ture-negative cage fluid samples during and after treatment.
During treatment (day 4), the bacterial counts in the cage fluid
of animals treated with linezolid alone at 25, 50, and 75 mg/kg
were decreased by median values of 1.4, 1.2, and 1.7 log,,
CFU/ml, respectively. No differences in treatment efficacy
were observed between the three linezolid doses (P > 0.05).
Linezolid achieved culture negativity in 8% of the cage fluid
samples when it was used at 25 mg/kg and 17% of the cage fluid
samples when it was used at 50 and 75 mg/kg. When the three
linezolid regimens were combined with rifampin, they reduced
the bacterial counts by >3.0 log,, CFU/ml, which was signifi-
cantly better than the results achieved with linezolid alone (P
< 0.05) (Fig. 3A). A total of 55% to 65% of the cage fluid
samples from animals treated with rifampin-linezolid combi-
nations were culture negative on day 4.

Five days after the end of treatment (day 10), the planktonic
bacteria in the cage fluid of animals treated with linezolid at 25
and 50 mg/kg showed regrowth to 7.3 and 7.1 log,, CFU/ml,
respectively (Table 3), which correspond to increases of 1.0

and 0.8 log,, CFU/ml compared to the level of growth on day
1 (Fig. 3B). Linezolid at 75 mg/kg prevented bacterial regrowth
in cage fluid on day 10, and the bacterial counts remained
comparable to the values on day 4. In animals treated with the
combination of linezolid and rifampin, the bacterial counts
remained at the levels measured on day 4, independent of the
linezolid dose (P > 0.05). No differences in treatment efficacy
were observed between the three linezolid doses (P > 0.05)
when they were combined with rifampin. The cure rates for
animals treated with the linezolid-rifampin combination
ranged from 75% to 95%, and rifampin resistance did not
emerge.

Efficacy of treatment against adherent bacteria. No cure of
cage-associated infections was observed with linezolid alone
(Fig. 4). The use of linezolid in combination with rifampin
showed cure rates of 50% to 60%. All linezolid-rifampin com-
binations exhibited significantly better activities than linezolid
alone against adherent bacteria (P < 0.001). For comparison,
the efficacy of the combination levofloxacin plus rifampin was
tested and demonstrated a cure rate of 91%.

In vivo antimicrobial resistance studies. No rifampin-resis-
tant MRSA strains were detected within positive cultures of
cages from animals treated with rifampin alone or in combi-
nation with linezolid.

DISCUSSION

In this study, we investigated the activity of linezolid alone
and in combination with rifampin against MRSA in vitro and
in a guinea pig implant-associated infection model. The test

TABLE 3. Counts of planktonic bacteria in cage fluid and rate of culture-negative cage fluid samples during treatment (day 4) and 5 days
after end of treatment (day 10)

Bacterial counts in cage fluid
(log;o CFU/ml)*

Treatment group, dose (mg/kg)

No. of culture-negative cage fluid
samples/total no. of samples (%)

Day 4 Day 10 Day 4 Day 10
Control (12)" 7.1 (7.0-7.5) 7.9 (7.6-8.1) 0/12 (0) 0/12 (0)
Linezolid, 25 (12) 4.5 (4.1-5.0) 7.3 (7.1-7.7) 1/12 (8) 0/12 (0)
Linezolid, 50 (12) 5.1 (4.1-6.0) 7.1 (6.8-8.0) 2/12 (17) 0/12 (0)
Linezolid, 75 (12) 4.6 (3.2-5.0) 4.5 (4.0-5.2) 3/12 (25) 2/12 (17)
Rifampin, 12.5 (12) 3.1(3.0-34) <3.0 6/12 (50) 11/12 (92)
Linezolid, 25, + rifampin, 12.5 (20) <3.0 <3.0 13/20 (65) 19/20 (95)
Linezolid, 50, + rifampin, 12.5 (20) <3.0 <3.0 13/20 (65) 15/20 (75)
Linezolid, 75, + rifampin, 12.5 (20) <3.0 <3.0 11/20 (55) 17/20 (85)
Levofloxacin, 10, + rifampin, 12.5 (24) <3.0 <3.0 18/24 (75) 11/11 (100)

“ Values are medians (interquartile ranges).
? Values in parentheses in this column are the number of cages.
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FIG. 3. Efficacy of treatment against planktonic bacteria in cage
fluid (Alog,, CFU/ml) during treatment (day 4) (A) and 5 days after
the end of treatment (day 10) (B). The dashed horizontal line indicates
the limit of quantification (LOQ). LZD25, linezolid at 25 mg/kg;
LZD50, linezolid at 50 mg/kg; LZD75, linezolid at 75 mg/kg; RIF,
rifampin at 12.5 mg/kg; and LVX10, levofloxacin at 10 mg/kg.

organism was inhibited by linezolid at 2.5 pwg/ml. However, a
reduction of =99.9% CFU/ml was not achieved at concentra-
tions up to 20 wg/ml in either the logarithmic or the stationary
growth phase. This is in agreement with the bacteriostatic
activity of linezolid against staphylococci (13). On the basis of
this characteristic, linezolid monotherapy does not seem to
be appropriate for the treatment of staphylococcal implant-
associated infections.

In the in vitro time kill-curve studies, rifampin resistance was
detected after 24 h of incubation in all cultures exposed to
rifampin alone (1X and 4X the MIC). In contrast, the use of
rifampin in combination with linezolid never resulted in the
emergence of rifampin resistance (11, 12, 29). Thus, we can
conclude that in vitro the combination linezolid-rifampin did
not display any synergism or antagonism against the strain

ANTIMICROB. AGENTS CHEMOTHER.

Saline | 0/12
LZD 25 | 0/12
LZD 50 | 0/12
LZD 75 | 0/12
RIF 12.5 WA/ i/ 712
LZD 25 + RIF 11/19

LZD 50 + RIF
LZD 75 + RIF
LVX 10 + RIF

0 10 20 30 40 50 60 70 80 90 100

Cure Rate %

FIG. 4. Cure rates of cage-associated infection at day 10. The val-
ues indicate the number of cage cultures without growth of MRSA/
total number of cages in the treatment group. LZD25, linezolid at 25
mg/kg; LZDS50, linezolid at 50 mg/kg; LZD75, linezolid at 75 mg/kg;
RIF, rifampin at 12.5 mg/kg; and LVX10, levofloxacin at 10 mg/kg.

tested, and it was difficult to interpret whether there was any
additive effect because of bacterial regrowth at 24 h of incu-
bation with rifampin alone. However, the combination was
effective in completely preventing the development of rifampin
resistance.

In the pharmacokinetic studies, the peak linezolid concen-
trations in cage fluid increased linearly with increasing doses
between 25 and 75 mg/kg, whereas the increase in the AUC,_,,
was not proportional to the dose due to the faster elimination
of linezolid from the cage fluid at higher doses. The peak
linezolid concentration and the AUC,_,, reached in the cage
fluid with the 75-mg/kg dose were comparable to the values
reported by Gee et al. (10) in the inflammatory blister fluid of
healthy volunteers receiving 600 mg linezolid every 12 h. The
25-mg/kg and the 50-mg/kg linezolid doses administered to
guinea pigs more likely simulate the doses achieved with the
400-mg and 600-mg single-dose regimens, respectively. The
three doses of linezolid chosen guaranteed that the antimicro-
bial concentration in cage fluid remained above its MIC for the
test organism (2.5 pg/ml) for 12 h and, thus, during the entire
treatment. Andes et al. (1a) showed that a plasma AUC,_,,/
MIC ratio of linezolid between 50 and 100 was predictive of a
successful outcome of staphylococcal infections in the thigh
muscle model. In our studies, the AUC,_,,/MIC was only ap-
proximately 50 and was achieved with the highest linezolid
dose (75 mg/kg). However, these values are difficult to inter-
pret since we investigated a different compartment (cage fluid)
and a different type of infection (an infection associated with
an implant) compared to those used by Andes et al. (1a).

The rifampin dose of 12.5 mg/kg was chosen as described
previously (31, 34). The peak levels in tissue fluid were equal to
or less than the maximal concentrations reached in humans
(1), and the rifampin concentration in cage fluid was greater
than the MIC during 12 h after administration.

The cage fluid from the MRSA-infected cages implanted in
guinea pigs demonstrated continuous bacterial growth for 10
days and no spontaneous cure. Linezolid induced a significant
reduction in the counts of planktonic bacteria during treatment
(day 4) both when it was given alone and when it was given in
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combination with rifampin (P < 0.05) (Fig. 3A). During treat-
ment, no difference between the linezolid monotherapies was
observed, but in combination with rifampin, bacterial killing
was significantly improved (P < 0.05). Five days after the end
of treatment (day 10), bacterial regrowth occurred with lin-
ezolid doses of 25 and 50 mg/kg, whereas the counts remained
suppressed after the linezolid dose of 75 mg/kg (Fig. 3B), even
though the AUC,,, was only slightly higher (Table 2). As
shown previously (20), linezolid is able to induce a postantibi-
otic effect in S. aureus in a dose-dependent manner in vitro.
Thus, it is likely that the postantibiotic effect was induced by
the highest linezolid dose (75 mg/kg) but not by the two lower
doses. In addition, the accumulation of linezolid may have
occurred with the highest dose, delaying its time of clearance
from the cage fluid. All combinations of linezolid with rifampin
inhibited bacterial regrowth 5 days after administration of the
last dose.

None of the treatment regimens with linezolid monothera-
pies eradicated the cage-associated MRSA infections, while
the combinations of linezolid with rifampin achieved cure rates
of between 50% and 60%, which is not significantly different
from that achieved with rifampin monotherapy. The combina-
tion of rifampin and levofloxacin showed the highest cure rate
(91%). Treatment failures were related to a lack of efficacy in
the killing of bacteria when they were embedded in the biofilm
matrix. The emergence of rifampin resistance did not occur in
vivo with any of the rifampin regimens tested.

In conclusion, linezolid monotherapies showed bacteriosta-
tic activity against the MRSA strain tested and were not able to
eradicate the adhering bacteria. Thus, linezolid should not be
used alone for the eradication of implant-associated infections
caused by MRSA. In vitro studies demonstrated the potential
of the linezolid-rifampin combination for the treatment of
MRSA infections, and these findings were confirmed in the
animal foreign-body infection model. However, levofloxacin-
rifampin combinations achieved higher cure rates than the
linezolid-rifampin combination against the quinolone-suscep-
tible MRSA strain tested (91% and 50 to 60%, respectively). In
contrast to our previous recommendations (41), the quinolone-
rifampin combination seems to be a valid option for the treat-
ment of MRSA infections, whereas linezolid-rifampin regi-
mens may be used for the treatment of quinolone-resistant
MRSA implant-associated infections.

ACKNOWLEDGMENTS

This study was supported by the Swiss National Science Foundation
(grant 3200B0-112547/1) and by an educational grant from Pfizer AG.

We thank Anne-Kathrin John and Andrea Steinhuber for critical
review of the manuscript.

REFERENCES

1. Acocella, G. 1983. Pharmacokinetics and metabolism of rifampin in humans.
Rev. Infect. Dis. 5(Suppl. 3):S428-S432.

la.Andes, D., M. L. Van Ogtrop, J. Peng, and W. A. Craig. 2002. In vivo
pharmacodynamics of a new oxazolidinone (linezolid). Antimicrob. Agents
Chemother. 46:3484-3489.

2. Bassetti, M., A. Di Biagio, G. Cenderello, V. Del Bono, A. Palermo, M.
Cruciani, and D. Bassetti. 2001. Linezolid treatment of prosthetic hip infec-
tions due to methicillin-resistant Staphylococcus aureus (MRSA). J. Infect.
43:148-149.

3. Blaser, J., P. Vergeres, A. F. Widmer, and W. Zimmerli. 1995. In vivo
verification of in vitro model of antibiotic treatment of device-related infec-
tion. Antimicrob. Agents Chemother. 39:1134-1139.

4. Bonomo, R. A. 2000. Multiple antibiotic-resistant bacteria in long-term-care

LINEZOLID AGAINST MRSA FOREIGN-BODY INFECTION

10.

11.

12.

13.

15.
16.

17.

18.

20.

21.
. Schwank, S., Z. Rajacic, W. Zimmerli, and J. Blaser. 1998. Impact of bac-

23.

24.

25.

26.

27.

28.

29.

1147

facilities: an emerging problem in the practice of infectious diseases. Clin.
Infect. Dis. 31:1414-1422.

. Brandt, C. M., M. C. Duffy, E. F. Berbari, A. D. Hanssen, J. M. Steckelberg,

and D. R. Osmon. 1999. Staphylococcus aureus prosthetic joint infection
treated with prosthesis removal and delayed reimplantation arthroplasty.
Mayo Clin. Proc. 74:553-558.

. Clinical and Laboratory Standards Institute. 2003. Methods for dilution

antimicrobial susceptibility tests for bacteria that grow aerobically, 7th ed.
Document M7-A7. Clinical and Laboratory Standards Institute, Wayne, PA.

. Donlan, R. M. 2002. Biofilms: microbial life on surfaces. Emerg. Infect. Dis.

8:881-890.

. Donlan, R. M., and J. W. Costerton. 2002. Biofilms: survival mechanisms of

clinically relevant microorganisms. Clin. Microbiol. Rev. 15:167-193.

. Drancourt, M., A. Stein, J. N. Argenson, R. Roiron, P. Groulier, and D.

Raoult. 1997. Oral treatment of Staphylococcus spp. infected orthopaedic
implants with fusidic acid or ofloxacin in combination with rifampicin. J.
Antimicrob. Chemother. 39:235-240.

Gee, T., R. Ellis, G. Marshall, J. Andrews, J. Ashby, and R. Wise. 2001.
Pharmacokinetics and tissue penetration of linezolid following multiple oral
doses. Antimicrob. Agents Chemother. 45:1843-1846.

Grohs, P., M. D. Kitzis, and L. Gutmann. 2003. In vitro bactericidal activities
of linezolid in combination with vancomycin, gentamicin, ciprofloxacin,
fusidic acid, and rifampin against Staphylococcus aureus. Antimicrob. Agents
Chemother. 47:418-420.

Jacqueline, C., J. Caillon, V. Le Mabecque, A. F. Miegeville, P. Y. Donnio, D.
Bugnon, and G. Potel. 2003. In vitro activity of linezolid alone and in
combination with gentamicin, vancomycin or rifampicin against methicillin-
resistant Staphylococcus aureus by time-kill curve methods. J. Antimicrob.
Chemother. 51:857-864.

Jorgensen, J. H., M. L. McEImeel, and C. W. Trippy. 1997. In vitro activities
of the oxazolidinone antibiotics U-100592 and U-100766 against Staphylo-
coccus aureus and coagulase-negative Staphylococcus species. Antimicrob.
Agents Chemother. 41:465-467.

. Laffer, R. R., P. Graber, P. E. Ochsner, and W. Zimmerli. 2006. Outcome of

prosthetic knee-associated infection: evaluation of 40 consecutive episodes
at a single centre. Clin. Microbiol. Infect. 12:433-439.

Lorian, V. 2005. Antibiotics in laboratory medicine, 5th ed. Lippincott Wil-
liams & Wilkins Co., Philadelphia, PA.

Manfredi, R. 2006. Update on the appropriate use of linezolid in clinical
practice. Ther. Clin. Risk Manag. 2:455-464.

Murillo, O., A. Domenech, A. Garcia, F. Tubau, C. Cabellos, F. Gudiol, and
J. Ariza. 2006. Efficacy of high doses of levofloxacin in experimental foreign-
body infection by methicillin-susceptible Staphylococcus aureus. Antimicrob.
Agents Chemother. 50:4011-4017.

Murray, P. R., E. J. Baron, J. H. Jorgensen, M. A. Pfaller, and R. H. Yolken.
2003. Manual of clinical microbiology, 8th ed. ASM Press, Washington, DC.

. Prugger, V., S. Egner, R. Windhager, M. Mitteregger, G. Bertha, and C.

Wenisch. 2004. Treatment with linezolid and rifampicin for 18 months for
recurrent infection of a megaprosthesis in a patient with Ewing’s sarcoma.
Int. J. Antimicrob. Agents 24:628-630.

Rybak, M. J., D. M. Cappelletty, T. Moldovan, J. R. Aeschlimann, and G. W.
Kaatz. 1998. Comparative in vitro activities and postantibiotic effects of the
oxazolidinone compounds eperezolid (PNU-100592) and linezolid (PNU-
100766) versus vancomycin against Staphylococcus aureus, coagulase-nega-
tive staphylococci, Enterococcus faecalis, and Enterococcus faecium. Antimi-
crob. Agents Chemother. 42:721-724.

Reference deleted.

terial biofilm formation on in vitro and in vivo activities of antibiotics.
Antimicrob. Agents Chemother. 42:895-898.

Shams, W. E., and R. P. Rapp. 2004. Methicillin-resistant staphylococcal
infections: an important consideration for orthopedic surgeons. Orthopedics
27:565-568.

Shinabarger, D. L., K. R. Marotti, R. W. Murray, A. H. Lin, E. P. Melchior,
S. M. Swaney, D. S. Dunyak, W. F. Demyan, and J. M. Buysse. 1997.
Mechanism of action of oxazolidinones: effects of linezolid and eperezolid on
translation reactions. Antimicrob. Agents Chemother. 41:2132-2136.
Soriano, A., S. Garcia, G. Bori, M. Almela, X. Gallart, F. Macule, J. Sierra,
J. A. Martinez, S. Suso, and J. Mensa. 2006. Treatment of acute post-surgical
infection of joint arthroplasty. Clin. Microbiol. Infect. 12:930-933.

Soriano, A., J. Gomez, L. Gomez, J. R. Azanza, R. Perez, F. Romero, M.
Pons, F. Bella, M. Velasco, and J. Mensa. 2007. Efficacy and tolerability of
prolonged linezolid therapy in the treatment of orthopedic implant infec-
tions. Eur. J. Clin. Microbiol. Infect. Dis. 26:353-356.

Stalker, D. J., and G. L. Jungbluth. 2003. Clinical pharmacokinetics of
linezolid, a novel oxazolidinone antibacterial. Clin. Pharmacokinet. 42:1129-
1140.

Swaney, S. M., H. Aoki, M. C. Ganoza, and D. L. Shinabarger. 1998. The
oxazolidinone linezolid inhibits initiation of protein synthesis in bacteria.
Antimicrob. Agents Chemother. 42:3251-3255.

Sweeney, M. T., and G. E. Zurenko. 2003. In vitro activities of linezolid
combined with other antimicrobial agents against staphylococci, enterococci,



1148

30.

31

32.

33.

34.

35.

BALDONI ET AL.

pneumococci, and selected gram-negative organisms. Antimicrob. Agents
Chemother. 47:1902-1906.

Thomson, C. J. 1999. The global epidemiology of resistance to ciprofloxacin
and the changing nature of antibiotic resistance: a 10 year perspective. J.
Antimicrob. Chemother. 43(Suppl. A):31-40.

Trampuz, A., C. K. Murphy, D. M. Rothstein, A. F. Widmer, R. Landmann,
and W. Zimmerli. 2007. Efficacy of a novel rifamycin derivative, ABI-0043,
against Staphylococcus aureus in an experimental model of foreign-body
infection. Antimicrob. Agents Chemother. 51:2540-2545.

Trampuz, A., and W. Zimmerli. 2005. New strategies for the treatment of
infections associated with prosthetic joints. Curr. Opin. Investig. Drugs
6:185-190.

Tverdek, F. P., C. W. Crank, and J. Segreti. 2008. Antibiotic therapy of
methicillin-resistant Staphylococcus aureus in critical care. Crit. Care Clin.
24:249-260.

Widmer, A. F., R. Frei, Z. Rajacic, and W. Zimmerli. 1990. Correlation
between in vivo and in vitro efficacy of antimicrobial agents against foreign
body infections. J. Infect. Dis. 162:96-102.

Widmer, A. F., A. Gaechter, P. E. Ochsner, and W. Zimmerli. 1992. Anti-
microbial treatment of orthopedic implant-related infections with rifampin
combinations. Clin. Infect. Dis. 14:1251-1253.

36.

37.

38.

39.

40.

41.

42.

43.

ANTIMICROB. AGENTS CHEMOTHER.

Widmer, A. F., A. Wiestner, R. Frei, and W. Zimmerli. 1991. Killing of
nongrowing and adherent Escherichia coli determines drug efficacy in device-
related infections. Antimicrob. Agents Chemother. 35:741-746.

Zavasky, D. M., and M. A. Sande. 1998. Reconsideration of rifampin: a
unique drug for a unique infection. JAMA 279:1575-1577.

Zimmerli, W. 1993. Experimental models in the investigation of device-
related infections. J. Antimicrob. Chemother. 31(Suppl. D):97-102.
Zimmerli, W., R. Frei, A. F. Widmer, and Z. Rajacic. 1994. Microbiological
tests to predict treatment outcome in experimental device-related infections
due to Staphylococcus aureus. J. Antimicrob. Chemother. 33:959-967.
Zimmerli, W., P. D. Lew, and F. A. Waldvogel. 1984. Pathogenesis of foreign
body infection. Evidence for a local granulocyte defect. J. Clin. Investig.
73:1191-1200.

Zimmerli, W., A. Trampuz, and P. E. Ochsner. 2004. Prosthetic-joint infec-
tions. N. Engl. J. Med. 351:1645-1654.

Zimmerli, W., F. A. Waldvogel, P. Vaudaux, and U. E. Nydegger. 1982.
Pathogenesis of foreign body infection: description and characteristics of an
animal model. J. Infect. Dis. 146:487-497.

Zimmerli, W., A. F. Widmer, M. Blatter, R. Frei, P. E. Ochsner, et al. 1998.
Role of rifampin for treatment of orthopedic implant-related staphylococcal
infections: a randomized controlled trial. JAMA 279:1537-1541.



